Introduction
============

Loss of muscle mass and strength is a key feature of the ageing process that predisposes to disability, limited mobility, falls, fractures, and death.[@b1] In 1989, Rosenberg introduced the term sarcopenia to describe the age-related loss of muscle mass.[@b2] A consensus on the concept of sarcopenia is however still lacking. Currently, some expert groups use the term sarcopenia to indicate the age-related loss of muscle mass and strength, while other authors suggest to confine sarcopenia to its original meaning of loss of muscle mass and have introduced the term dynapenia to describe the age-related loss of muscle strength.[@b3] Accordingly, the operational definition of sarcopenia varies from low relative appendicular skeletal muscle mass (RASM)[@b4] to definitions that add muscle strength and/or physical performance.[@b1],[@b5]--[@b8] Recently, the Foundation for the National Institutes of Health Sarcopenia Project proposed operational criteria for sarcopenia with evidence-based cutpoints for low muscle mass, weakness, and slowness.[@b8]

Several techniques exist to measure muscle mass, muscle strength, and physical performance. Computed tomography (CT) and magnetic resonance imaging are gold standards to measure muscle mass, but their use is restricted to research purposes because of high cost, limited availability, and in the case of CT, radiation exposure.[@b1] Dual-energy X-ray absorptiometry (DXA) is one of the alternative methods to assess muscle mass in research and clinical settings, although its availability and use in clinical practice are still not very broad.[@b1],[@b9] Several longitudinal studies have reported age-related changes in muscle mass using DXA, but mainly in the elderly.[@b10],[@b11] We are aware of only one study that has described the 6-year change in muscle mass in middle-aged Japanese men and women.[@b12] Similarly, most longitudinal studies that have examined the age-related decline in muscle strength include elderly individuals,[@b13] with few data in middle-aged persons separately (\<60 years).[@b14]

Low serum levels of sex steroids, in particular testosterone (T), as well as 25-hydroxyvitamin D (25OHD) and insulin-like growth factor 1 (IGF-1) have been considered to be potential risk factors for sarcopenia since these hormones are involved in the proliferation and myogenic differentiation of satellite cells and promote muscle protein synthesis.[@b15] 1,25-dihydroxyvitamin D (1,25(OH)~2~D), the active metabolite of 25OHD, also regulates the synthesis of proteins that influence calcium transport and muscle contractility, and vitamin D status also affects inflammation as well as insulin secretion and sensitivity, all factors that have been linked to sarcopenia.[@b15],[@b16] However, longitudinal studies about the association between these anabolic hormones and changes in either muscle mass, muscle strength, or physical performance are scanty and conflicting. In most male or mixed cohorts, low serum levels of *total*, *free*, *and*/*or bioavailable T* were associated with loss of muscle mass[@b17],[@b18] but not muscle strength[@b17],[@b19]--[@b21] over a 2 to 10-year follow-up. The association between T and change in physical performance was less consistent, with no association with total T unless in men who experienced weight loss[@b17],[@b19],[@b20] and inconsistent results for free T.[@b19],[@b20] Less is known about the longitudinal associations between *oestradiol* (E~2~) or *sex hormone-binding globulin* (SHBG) and change in muscle mass, strength, or physical performance,[@b17],[@b19],[@b21] and prospective studies exploring the relationship with vitamin D metabolites have reported inconsistent results for *25OHD* and are lacking for *1*,*25*(*OH*)*~2~D*. In some cohorts, low baseline 25OHD was associated with loss of muscle strength and/or decline in physical performance,[@b22]--[@b24] but in others, this association was not observed.[@b25],[@b26] Low 25OHD was not associated with a significant change in muscle mass, but this has been scantily investigated.[@b22],[@b24] There are to date, to our knowledge, no prospective data looking at the association between these hormones and sarcopenia defined by low muscle mass *and* low muscle function. The Longitudinal Ageing Study Amsterdam (LASA) is the only prospective study that has investigated the association between low 25OHD and a threshold level of loss of muscle mass *or* strength, thus incident sarcopenia.[@b22] Other, cross-sectional, studies that have examined the association between 25OHD and prevalent sarcopenia found significantly lower 25OHD in subjects with low muscle mass[@b27],[@b28] although in one of these not in men.[@b28]

The aim of our study was to determine in a prospective cohort of middle-aged and elderly men (i) changes in muscle mass, muscle strength, and physical performance; (ii) whether any change can be predicted by baseline levels of sex hormones, vitamin D metabolites, and IGF-1; and (iii) whether baseline levels of these hormones predict incident sarcopenia defined by low muscle mass alone as well as by low muscle mass *and* function.

Materials and methods
=====================

Subjects
--------

Men aged 40--79 years were recruited from population registers in Manchester, UK, and Leuven, Belgium, for participation in the European Male Ageing Study (EMAS). Details concerning the study design and recruitment have been described previously.[@b29] Briefly, in 2003--05, community-dwelling men were invited to attend by a letter of invitation which included a postal questionnaire. Those who agreed to participate attended a local clinic for an interviewer-assisted questionnaire and clinical and biological assessments. In 2007--09, participants were invited to take part in a repeat survey. Ethical approval for the study was obtained in accordance with local institutional requirements. All subjects provided written informed consent.

Study questionnaires and clinical assessments
---------------------------------------------

The postal questionnaire gathered information on smoking and medical conditions, including heart diseases, high blood pressure, pituitary disease, testicular disease, chronic bronchitis, asthma, peptic ulcer, epilepsy, diabetes, liver conditions, kidney conditions, prostate disease, adrenal disease, and thyroid disease. The interviewer-assisted questionnaire asked about current drugs. Height was measured to the nearest 1 mm using a stadiometer (Leicester Height Measure, SECA Ltd, UK) and body weight to the nearest 0.1 kg using an electronic scale (SECA, model no. 8801321009, SECA Ltd, UK). Physical performance was measured with a component of the Reuben\'s physical performance test \[seconds taken to walk 50 ft (15.24 m)\],[@b30] with gait speed expressed as metres per second. Follow-up investigations were performed using similar assessments after a median interval of 4.3 years \[standard deviation (*SD*) = 0.6\].

Hormonal measurements
---------------------

A fasting morning venous blood sample was taken at baseline in all subjects. Measurement of T and E~2~ was carried out by gas chromatography--tandem mass spectrometry, and SHBG was measured by the Modular E170 platform electrochemiluminescence immunoassay. Free and bioavailable T and E~2~ were derived from total hormone, SHBG, and albumin using previously described mass action equations and association constants.[@b31] Serum was assayed for PTH and IGF-1 by chemiluminescence immunoassay. 25OHD was measured using radioimmunoassay and 1,25(OH)~2~D~3~ by liquid chromatography--tandem mass spectrometry by an in Leuven developed and validated method.[@b32]

Measurement of muscle mass and muscle strength
----------------------------------------------

At baseline and follow-up, subjects had whole-body DXA scans performed on QDR 4500A Discovery scanners (Hologic Inc, Bedford, MA, USA), with measurement of appendicular lean mass (aLM). Scans were analysed using Hologic APEX 4.0 software. DXA-measured aLM is assumed to be a good indicator of skeletal muscle mass.[@b33] The precision error was 0.57% in Leuven (*n* = 20) and 0.56% in Manchester (*n* = 31). Devices were cross-calibrated with the European Spine Phantom. Muscle strength was evaluated by measuring grip strength with the Jamar 1 hand-held dynamometer (TEC Inc., Clifton, NJ, USA). Maximal grip strength was recorded as the highest of three measurements at both sides.[@b34] Low grip strength is related to poor physical performance, mobility limitations, and disability[@b35],[@b36] and is used as a surrogate endpoint for functional performance in several recent operational definitions of sarcopenia.[@b1],[@b5]--[@b8]

Definition of sarcopenia
------------------------

Sarcopenia was defined using three approaches. The first definition was that of Baumgartner *et al*. who defined sarcopenia in men as RASM (aLM/height^2^) ≤ 7.26 kg/m^2^.[@b4] The second was that of the International Working Group on Sarcopenia (IWGS), by which men with RASM ≤ 7.23 kg/m^2^ and gait speed \< 1.0 m/s are sarcopenic.[@b5] The third was based on the definition of the European Working Group on Sarcopenia in Older People (EWGSOP), by which a person with low muscle mass has pre-sarcopenia, a person with also low physical performance or low muscle strength has sarcopenia, and a person with all three criteria has severe sarcopenia.[@b1] Since EWGSOP suggests several cut-offs for these three criteria, we defined low muscle mass as RASM ≤ 7.26 kg/m^2^, low physical performance as gait speed \< 0.8 m/s, and low muscle strength as grip strength \< 30 kg, as recently published.[@b37]

Statistical analysis
--------------------

Descriptive statistics were used to summarize subject baseline characteristics, including age, body mass index (BMI), smoking, number of comorbidities, sex steroids (total, free, and bioavailable T and E~2~ and SHBG), IGF-1, 25OHD, 1,25(OH)~2~D, and parathyroid hormone (PTH), as well as aLM, RASM, gait speed, and grip strength. We categorized the number of comorbidities into 0, 1, and ≥2 comorbidities since few subjects (4.1%) have ≥3 comorbidities. Differences in aLM, gait speed, and grip strength between baseline and follow-up were determined using the paired *t*-test. Prevalent sarcopenia by the definition of Baumgartner, IWGS, and EWGSOP was calculated at baseline and follow-up. Incident sarcopenia was defined as the prevalence of sarcopenia at follow-up though not at baseline. Analyses with incident sarcopenia by EWGSOP also included men with severe sarcopenia. aLM, gait speed, and grip strength at baseline and follow-up as well as percentage (%) change per year in these variables were calculated in men aged 40--79 years and in four 10-year age bands, both in the whole cohort and in the two centres separately. Annual % change was calculated as \[(follow-up-baseline)/baseline\]\*100/time between baseline and follow-up. The annual % change in aLM, gait speed, and grip strength per 10-year age band was visually assessed using bar plots. Linear regression was used to determine the strength of the association between baseline hormones as continuous variables and either annual % change in aLM, gait speed, and grip strength in the whole cohort as well as in men aged 60--79 years and 70--79 years, separately. The analyses were adjusted for age, centre, BMI, smoking, and number of comorbidities at baseline by including these variables in the multivariable models. The analyses with total T, total E~2~, and IGF-1 were also adjusted for SHBG and the analyses with SHBG for total T or E~2~. Results were expressed as *β*-coefficients and 95% confidence intervals (CI). For ease of interpretation and comparison, we standardized the independent variables into *z*-scores. The hormones were also categorized into quintiles and 25OHD in \<10, 10--20, and ≥20 ng/mL. We also categorized individuals as normal or hypogonadal (total T \< 8 or \< 11 nmol/L or free T \< 220 pmol/L[@b38]). When a significant difference had been observed in change in aLM, gait speed, or grip strength between Leuven and Manchester, analyses were repeated in the centres separately. We used logistic regression to determine the associations between baseline hormones and the risk of incident sarcopenia by the three definitions, with results expressed as odds ratios (OR) and 95%CI. These analyses were performed in the whole cohort and in men aged 60--79 years. Results were adjusted for potential confounders. Statistics were performed using [stata]{.smallcaps} 11.2.

Results
=======

Subjects
--------

Of the 716 men who participated in the baseline and follow-up survey, 198 men were excluded because of missing aLM or RASM data or because they were taking musculoskeletal active therapies (calcium, vitamin D, bisphosphonates, or glucocorticoids), leaving 518 subjects in the main analysis, of whom 255 were ≥60 years. Twelve persons with missing gait speed and 73 persons with missing grip strength were also excluded, leaving 506 men in the analysis with gait speed and the IWGS definition of sarcopenia and 433 men in the analysis with grip strength and the EWGSOP definition of sarcopenia, respectively. Mean age of the 518 subjects was 60.0 (*SD* = 10.3) years and BMI 27.2 (*SD* = 3.7) kg/m^2^ (*Table* [1](#tbl1){ref-type="table"}).

###### 

Subject characteristics at baseline

  Variables                                                   Mean (*SD*)    *n* (%)
  ----------------------------------------------------------- -------------- ------------
  ***n* = 518**                                                              
   Age (years)                                                60.0 (10.3)    
   Weight (kg)                                                83.1 (12.9)    
   Height (cm)                                                176.0 (28.9)   
   BMI (kg/m^2^)                                              27.2 (3.7)     
   Total T (nmol/L)                                           18.1 (6.0)     
   Free T (pmol/L)                                            320.1 (88.7)   
   Total E~2~ (pmol/L)                                        77.2 (25.0)    
   Free E~2~ (pmol/L)                                         1.3 (0.4)      
   SHBG (nmol/L)                                              42.4 (19.1)    
   IGF-1 (ng/mL)                                              137.1 (39.1)   
   25OHD (ng/mL)                                              30.1 (13.2)    
   1.25(OH)~2~D (pg/mL)                                       60.5 (15.5)    
   PTH (pg/mL)                                                28.9 (11.2)    
   Ever smoked (yes vs. no)                                                  306 (59.8)
   Number of comorbidities                                                   
   0                                                                         305 (59.6)
   1                                                                         122 (23.8)
   ≥2                                                                        85 (16.6)
   aLM (kg)                                                   24.8 (3.5)     
   RASM (kg/m^2^)                                             8.07 (0.93)    
   [a](#tf1-1){ref-type="table-fn"}Baumgartner sarcopenia                    81 (15.6)
                                                                             
  ***n* = 506**                                                              
   Gait speed (m/s)                                           1.2 (0.2)      
   [b](#tf1-2){ref-type="table-fn"}IWGS sarcopenia                           12 (2.4)
                                                                             
  ***n* = 433**                                                              
   Grip strength (kg)                                         44.3 (8.9)     
   [c](#tf1-3){ref-type="table-fn"}EWGSOP sarcopenia                         6 (1.3)
   [c](#tf1-3){ref-type="table-fn"}EWGSOP severe sarcopenia                  1 (0.2)

Results expressed as mean (SD) and percentage.

aLM, appendicular lean mass; BMI, body mass index; E, oestradiol; EWGSOP, European Working Group on Sarcopenia in Older People; IGF-1, insulin-like growth factor-1; IWGS, International Working Group on Sarcopenia; PTH, parathyroid hormone; RASM, relative appendicular skeletal muscle mass; SD, standard deviation; SHBG, sex hormone-binding globulin; T, testosterone; 1.25(OH)~2~D, 1,25-dihydroxyvitamin D; 25OHD, 25-hydroxyvitamin D.

Baumgartner sarcopenia = RASM ≤ 7.26 kg/m^2^.[@b4]

IWGS sarcopenia = RASM ≤ 7.23 kg/m^2^ + gait speed \< 1.0 m/s.[@b5]

EWGSOP sarcopenia = RASM ≤7.26 kg/m^2^ + gait speed \<0.8 m/s or grip strength \<30 kg; severe sarcopenia = RASM ≤7.26 kg/m^2^ + gait speed \<0.8 m/s + grip strength \<30 kg.[@b1]

Incidence of sarcopenia
-----------------------

Based on the Baumgartner definition of sarcopenia, 76.3% (*n* = 395) had no prevalent sarcopenia at baseline and follow-up, while 8.1% (*n* = 42) without sarcopenia at baseline developed sarcopenia at follow-up ('incident' sarcopenia) (*Table* [2](#tbl2){ref-type="table"}). Of the 506 men in the analysis that defined sarcopenia by IWGS, 3.0% (*n* = 15) without prevalent sarcopenia at baseline became sarcopenic at follow-up. By EWGSOP, 1.4% (*n* = 6) developed sarcopenia and 0.2% (*n* = 1) developed severe sarcopenia.

###### 

Number of subjects with sarcopenia at baseline and follow-up

                                                                           FOLLOW UP, *N* (%)   
  ------------------------------------------------------------------------ -------------------- --------------
  [a](#tf2-1){ref-type="table-fn"}**Baumgartner sarcopenia (*N* = 518)**                        
  BASELINE, *N* (%)                                                                             
  No sarcopenia                                                            395 (76.3)           **42 (8.1)**
  Sarcopenia                                                               16 (3.1)             65 (12.5)
  [b](#tf2-2){ref-type="table-fn"}**IWGS sarcopenia (*N* = 506)**                               
  BASELINE, *N* (%)                                                                             
  No sarcopenia                                                            479 (94.7)           **15 (3.0)**
  Sarcopenia                                                               4 (0.8)              8 (1.6)

                                                                      FOLLOW UP, *N* (%)                            
  ------------------------------------------------------------------- -------------------- ---------- ------------- -------------
  [c](#tf2-3){ref-type="table-fn"}**EWGSOP sarcopenia (*N* = 433)**                                                 
  BASELINE, *N* (%)                                                                                                 
  No sarcopenia                                                       334 (77.1)           30 (6.9)   **5 (1.2)**   **0 (0)**
  Pre-sarcopenia                                                      13 (3.0)             42 (9.7)   **1 (0.2)**   **1 (0.2)**
  Sarcopenia                                                          1 (0.2)              1 (0.2)    4 (0.9)       0 (0)
  Severe sarcopenia                                                   0 (0)                0 (0)      0 (0)         1 (0.2)

EWGSOP, European Working Group on Sarcopenia in Older People; IWGS, International Working Group on Sarcopenia; RASM, relative appendicular skeletal muscle mass.

Baumgartner sarcopenia = RASM ≤ 7.26 kg/m^2^.[@b4]

IWGS sarcopenia = RASM ≤ 7.23 kg/m^2^ + gait speed \< 1.0 m/s.[@b5]

EWGSOP pre-sarcopenia = RASM ≤ 7.26 kg/m^2^; sarcopenia = RASM ≤ 7.26 kg/m^2^ + gait speed \< 0.8 m/s or grip strength \< 30 kg; severe sarcopenia = RASM ≤ 7.26 kg/m^2^ + gait speed \< 0.8 m/s + grip strength \< 30 kg[@b1].

Percentages of subjects with incident sarcopenia or severe sarcopenia are marked in bold.

Change in appendicular lean mass, gait speed, and grip strength
---------------------------------------------------------------

Across all age bands, men had a significant mean annual loss of 0.36% (*SD* = 1.09) of aLM and 0.15% (*SD* = 3.20) of gait speed, while grip strength was not significantly different (*Table* [3](#tbl3){ref-type="table"}). Mean annual % loss of aLM was higher in Leuven than in Manchester \[−0.46% (*SD* = 1.11) vs. −0.22% (*SD* = 1.03), *P* = 0.011; not shown\], but annual % change in gait speed and grip strength were not statistically different between the centres. Looking at changes per 10-year age bands, aLM started to decrease in men aged 40--49 years, but the loss was only significant from age 50 years. Mean annual % loss of aLM was significantly greater in persons aged 60--69 and 70--79 years as compared with 40--49 years (*Figure* [1](#fig01){ref-type="fig"}). Men aged ≥60 years lost gait speed and grip strength, but this was only significant in the oldest age band (*Table* [3](#tbl3){ref-type="table"}). Compared with men aged 40--49 years, who had a stable gait speed and a significant increase in grip strength, annual % loss of gait speed was significantly greater in men aged 70--79 years and annual % loss of grip strength significantly greater in men from age 60 years (*Figure*[1](#fig01){ref-type="fig"}).

###### 

Appendicular lean mass (aLM), gait speed, and grip strength at baseline (B) and follow-up (FU) and % change per year

           Baseline     Follow-up                                         \% change/year[a](#tf3-1){ref-type="table-fn"}
  -------- ------------ ------------------------------------------------- ------------------------------------------------
  40--49   26.6 (3.7)   26.5 (3.7)                                        −0.03 (0.94)
  50--59   25.3 (3.3)   25.0 (3.3)[\*\*\*](#tf3-4){ref-type="table-fn"}   −0.29 (0.99)
  60--69   24.3 (3.2)   23.6 (3.2)[\*\*\*](#tf3-4){ref-type="table-fn"}   −0.57 (1.12)
  70--79   22.9 (2.6)   22.4 (2.6)[\*\*\*](#tf3-4){ref-type="table-fn"}   −0.53 (1.20)
  40--79   24.8 (3.5)   24.4 (3.5)[\*\*\*](#tf3-4){ref-type="table-fn"}   −0.36 (1.09)

  Gait speed   m/s           %/year                                             
  ------------ ------------- -------------------------------------------------- --------------
  40--49       1.26 (0.15)   1.27 (0.15)                                        0.36 (2.88)
  50--59       1.18 (0.16)   1.18 (0.18)                                        0.23 (3.22)
  60--69       1.14 (0.17)   1.12 (0.17)                                        −0.09 (3.07)
  70--79       1.10 (0.18)   1.04 (0.18)[\*\*\*](#tf3-4){ref-type="table-fn"}   −1.24 (3.35)
  40--79       1.17 (0.17)   1.16 (0.19)[\*](#tf3-2){ref-type="table-fn"}       −0.15 (3.20)

  Grip strength   kg           %/year                                            
  --------------- ------------ ------------------------------------------------- --------------
  40--49          48.2 (8.0)   49.9 (8.5)[\*\*](#tf3-3){ref-type="table-fn"}     0.92 (2.93)
  50--59          46.4 (8.9)   47.1 (8.8)                                        0.70 (3.73)
  60--69          43.8 (7.6)   42.9 (8.3)                                        −0.34 (3.23)
  70--79          38.2 (7.6)   36.1 (8.1)[\*\*\*](#tf3-4){ref-type="table-fn"}   −1.18 (3.15)
  40--79          44.3 (8.9)   44.2 (9.8)                                        0.06 (3.41)

Results expressed as mean \[standard deviation (SD)\].

*P*-value for the difference between B and FU calculated using *t*-test.

\% change per year = (\[FU--B\]/B)^\*^100/time between B and FU.

*P* \< 0.05.

*P* \< 0.01.

*P* \< 0.001.

![Annual % change in appendicular lean mass, gait speed, and grip strength by 10-year age band.](jcsm0006-0242-f1){#fig01}

Baseline hormones and change in appendicular lean mass, gait speed, and grip strength
-------------------------------------------------------------------------------------

*Total T* was not associated with annual % change in aLM, gait speed, or grip strength (*Table* [4](#tbl4){ref-type="table"}). Neither of the two threshold levels of total T for hypogonadism was associated with higher loss of aLM, gait speed, or grip strength (shown for cut-off at 8 nmol/L). *Free T* was positively associated with annual % change in grip strength, and men with free T below the threshold for hypogonadism had a greater decrease in gait speed and grip strength as compared with persons with free T above this threshold, however these results became non-significant after adjustment for age, centre, BMI, smoking, and number of comorbidities. *Total E~2~* was negatively associated with change in aLM, with an annual 0.104% greater decrease in aLM per SD increase in total E~2~, and this association remained significant after adjustment for age, centre, BMI, smoking and number of comorbidities, and also after further adjustment for SHBG. *Free E~2~* was negatively associated with change in aLM, but only after adjustment for confounders. Results for *bioavailable T* and *E~2~* were comparable with those for free T and E~2~ (not shown). Each SD increase in *SHBG* was associated with a greater decrease in aLM, but not after adjustment for confounders. No significant associations were observed between T, E~2~, and SHBG and change in aLM, gait speed, or grip strength in men aged 60--79 or 70--79 years separately (not shown). In men ≥70 years, *IGF-1* was positively associated with change in gait speed, with an annual 0.773% greater decrease in gait speed per SD decrease in IGF-1 after adjustment for age, centre, BMI, smoking, and number of comorbidities. This association remained significant after further adjustment for SHBG. In men aged 40--79 years, a positive association was also observed between IGF-1 and aLM, but after adjustment, this association only remained significant in subjects from Leuven, where mean annual % aLM loss was significantly greater than in Manchester (*β* = 0.146; 95%CI 0.023,0.269; *P* = 0.020).

###### 

Association between baseline hormones and annual % change in appendicular lean mass, gait speed, and grip strength

                          Annual % change aLM                                          Annual % change gait speed                                   Annual % change grip strength                                                                                                                                                 
  ----------------------- ------------------------------------------------------------ ------------------------------------------------------------ ---------------------------------------------------------- ------------------------------------------------------- ---------------------------------------------------------- ------------------------
  Total T (per SD)        −0.051 (−0.145, 0.044)                                       −0.091 (−0.193, 0.011)                                       0.041 (−0.240, 0.322)                                      −0.033 (−0.342, 0.276)                                  0.206 (−0.120, 0.532)                                      0.100 (−0.257, 0.456)
  Total T (nmol/L)                                                                                                                                                                                                                                                                                                                
   ≥8                     *referent*                                                   *referent*                                                   *referent*                                                 *referent*                                              *referent*                                                 *referent*
   \<8                    −0.234 (−0.953, 0.485)                                       −0.107 (−0.852, 0.638)                                       −1.378 (−3.618, 0.861)                                     −1.380 (−3.759, 0.998)                                  0.310 (−2.255, 2.874)                                      0.992 (−1.528, 3.511)
  Free T (per SD)         0.049 (−0.045, 0.143)                                        −0.070 (−0.177, 0.037)                                       0.187 (−0.093, 0.467)                                      −0.082 (−0.405, 0.242)                                  0.368 (0.043, 0.692)[\*](#tf4-1){ref-type="table-fn"}      −0.116 (−0.489, 0.257)
  Free T (pmol/L)                                                                                                                                                                                                                                                                                                                 
   ≥220                   *referent*                                                   *referent*                                                   *referent*                                                 *referent*                                              *referent*                                                 *referent*
   \<220                  −0.025 (−0.304, 0.253)                                       0.183 (−0.106, 0.472)                                        −1.076 (−1.912, −0.239)[\*](#tf4-1){ref-type="table-fn"}   −0.636 (−1.523, 0.250)                                  −1.057 (−2.031, −0.083)[\*](#tf4-1){ref-type="table-fn"}   −0.294 (−1.309, 0.722)
  Total E~2~ (per SD)     −0.104 (−0.198, −0.010)[\*](#tf4-1){ref-type="table-fn"}     −0.132 (−0.228, −0.036)[\*\*](#tf4-2){ref-type="table-fn"}   0.004 (−0.277, 0.285)                                      −0.010 (−0.302, 0.282)                                  0.050 (−0.272, 0.372)                                      0.024 (−0.308, 0.356)
  Free E~2~ (per SD)      −0.054 (−0.149, 0.040)                                       −0.108 (−0.204, −0.011)[\*](#tf4-1){ref-type="table-fn"}     0.047 (−0.234, 0.328)                                      −0.026 (−0.318, 0.267)                                  0.093 (−0.228, 0.413)                                      −0.058 (−0.390, 0.273)
  SHBG (per SD)           −0.127 (−0.221, −0.034)[\*\*](#tf4-2){ref-type="table-fn"}   −0.076 (−0.185, 0.033)                                       −0.190 (−0.468, 0.088)                                     −0.031 (−0.360, 0.297)                                  −0.178 (−0.495, 0.139)                                     0.157 (−0.213, 0.528)
  IGF-1 (per SD)                                                                                                                                                                                                                                                                                                                  
   40--79 years           0.125 (0.030, 0.221)[\*](#tf4-1){ref-type="table-fn"}        0.081 (−0.017, 0.180)                                        0.113 (−0.174, 0.399)                                      −0.078 (−0.375, 0.220)                                  0.193 (−0.137, 0.522)                                      −0.013 (−0.349, 0.323)
   ≥70 years              0.114 (−0.112, 0.340)                                        0.127 (−0.117, 0.371)                                        0.707 (0.085, 1.329)[\*](#tf4-1){ref-type="table-fn"}      0.773 (0.126, 1.419)[\*](#tf4-1){ref-type="table-fn"}   0.046 (−0.602, 0.694)                                      0.080 (−0.608, 0.767)
  25OHD (per SD)          −0.079 (−0.175, 0.017)                                       −0.069 (−0.165, 0.027)                                       −0.033 (−0.326, 0.260)                                     −0.003 (−0.300, 0.293)                                  −0.227 (−0.560, 0.106)                                     −0.203 (−0.539, 0.133)
  25OHD (ng/mL)                                                                                                                                                                                                                                                                                                                   
   \<10                   0.453 (−0.166, 1.073)                                        0.290 (−0.322, 0.902)                                        −0.407 (−2.276, 1.461)                                     −0.822 (−2.692, 1.048)                                  2.203 (0.143, 4.263)[\*](#tf4-1){ref-type="table-fn"}      1.770 (−0.273, 3.813)
   10--20                 0.196 (−0.037, 0.430)                                        0.144 (−0.088, 0.376)                                        0.470 (−0.242, 1.183)                                      0.315 (−0.400, 1.031)                                   0.288 (−0.503, 1.078)                                      0.267 (−0.524, 1.058)
   ≥20                    *referent*                                                   *referent*                                                   *referent*                                                 *referent*                                              *referent*                                                 *referent*
  1.25(OH)~2~D (per SD)   −0.028 (−0.146, 0.090)                                       −0.000 (−0.126, 0.125)                                       0.051 (−0.282, 0.384)                                      0.127 (−0.229, 0.483)                                   −0.492 (−0.895, −0.090)[\*](#tf4-1){ref-type="table-fn"}   −0.400 (−0.831, 0.031)
  1.25(OH)~2~D (pg/mL)                                                                                                                                                                                                                                                                                                            
   ≤47.1                  *referent*                                                   *referent*                                                   *referent*                                                 *referent*                                              *referent*                                                 *referent*
   47.2--54.7             0.042 (−0.330, 0.413)                                        0.031 (−0.343, 0.406)                                        0.341 (−0.700, 1.382)                                      0.575 (−0.475, 1.624)                                   −0.553 (−1.862, 0.755)                                     −0.442 (−1.776, 0.892)
   55.0--61.7             −0.065 (−0.434, 0.304)                                       −0.055 (−0.425, 0.315)                                       0.280 (−0.761, 1.321)                                      0.414 (−0.638, 1.467)                                   −0.604 (−1.925, 0.716)                                     −0.289 (−1.647, 1.068)
   62.0--73.6             0.009 (−0.358, 0.375)                                        0.062 (−0.312, 0.436)                                        −0.019 (−1.040, 1.002)                                     0.160 (−0.890, 1.209)                                   −0.437 (−1.713, 0.840)                                     −0.258 (−1.586, 1.070)
   ≥73.7                  −0.042 (−0.413, 0.330)                                       0.051 (−0.341, 0.443)                                        0.198 (−0.835, 1.231)                                      0.473 (−0.622, 1.569)                                   −1.679 (−2.961, −0.398)[\*](#tf4-1){ref-type="table-fn"}   −1.335 (−2.707, 0.038)
  PTH (per SD)            0.020 (−0.074, 0.114)                                        0.063 (−0.033, 0.160)                                        0.177 (−0.101, 0.455)                                      0.266 (−0.024, 0.555)                                   0.035 (−0.284, 0.355)                                      0.061 (−0.268, 0.391)

*β*-coefficient is the mean difference in annual % change.

aLM, appendicular lean mass; BMI, body mass index; CI, confidence interval; E, oestradiol; IGF-1, insulin-like growth factor-1; PTH, parathyroid hormone; SHBG, sex hormone-binding globulin; SD, standard deviation; T, testosterone; 25OHD, 25-hydroxyvitamin D.

*P* \< 0.05.

*P* \< 0.01.

\*\*\**P* \< 0.001.

Adjusted for age, centre, BMI, smoking, and number of comorbidities.

25-hydroxyvitamin D and *PTH* were not associated with change in aLM, gait speed, or grip strength, nor as continuous variables (*Table* [4](#tbl4){ref-type="table"}) nor in quintiles (not shown). When 25OHD was categorized in \<10, 10--20, and ≥20 ng/mL, men with 25OHD \< 10 ng/mL had a greater increase in grip strength as compared with men with ≥20 ng/mL, but this result became not significant after adjustment for age, centre, BMI, smoking, and number of comorbidities. When *1*,*25*(*OH*)*~2~D* was categorized into quintiles, men with 1,25(OH)~2~D in the highest quintile had an annual 1.679% greater decrease in grip strength than men with 1,25(OH)~2~D in the lowest quintile, but also this association became not significant after adjustment for confounders. No significant associations were observed between 25OHD, 1,25(OH)~2~D, and PTH and change in aLM, gait speed, or grip strength in men aged 60--79 or 70--79 years, separately (not shown).

Prediction of incident sarcopenia
---------------------------------

Logistic regression was used to determine the association between baseline hormones and incident sarcopenia by the three definitions. With the outcome defined as sarcopenia by *Baumgartner* (RASM ≤ 7.26 kg/m^2^), no associations were observed (not shown). With *IWGS* sarcopenia as the outcome (RASM ≤ 7.23 kg/m^2^ and gait speed \< 1.0 m/s), higher baseline levels of SHBG and 25OHD increased the odds of sarcopenia by 78% and 80%, respectively, but these results became non-significant after adjustment for age, centre, BMI, smoking, and number of comorbidities (*Table* [5](#tbl5){ref-type="table"}). The odds of sarcopenia by *EWGSOP* (RASM ≤ 7.26 kg/m^2^, gait speed \< 0.8 m/s, and/or grip strength \< 30kg) increased with higher baseline levels of 25OHD and decreased with higher baseline levels of free T and IGF-1, but also these results became non-significant after adjustment for confounders. Results were comparable in men aged 60--79 years separately (not shown).

###### 

Association between baseline hormones and incident sarcopenia

                          Incident sarcopenia by IWGS                            Incident sarcopenia by EWGSOP                                                        
  ----------------------- ------------------------------------------------------ ------------------------------- ---------------------------------------------------- -------------------
  Total T (per SD)        1.54 (0.97, 2.44)                                      1.41 (0.80, 2.47)               0.75 (0.34, 1.68)                                    0.78 (0.31, 1.95)
  Free T(per SD)          0.82 (0.48, 1.37)                                      1.19 (0.58, 2.45)               0.46 (0.22, 0.96)[\*](#tf5-1){ref-type="table-fn"}   0.69 (0.24, 1.97)
  Total E~2~ (per SD)     0.86 (0.50, 1.49)                                      0.98 (0.53, 1.80)               1.06 (0.52, 2.18)                                    1.11 (0.47, 2.64)
  Free E~2~ (per SD)      0.58 (0.31, 1.08)                                      0.83 (0.43, 1.62)               0.86 (0.40, 1.88)                                    1.06 (0.46, 2.47)
  SHBG (per SD)           1.78 (1.28, 2.48)[\*\*](#tf5-2){ref-type="table-fn"}   1.62 (1.00, 2.64)               1.50 (0.97, 2.34)                                    1.25 (0.61, 2.56)
  IGF-1 (per SD)          0.78 (0.44, 1.38)                                      0.89 (0.49, 1.63)               0.26 (0.09, 0.76)[\*](#tf5-1){ref-type="table-fn"}   0.29 (0.07, 1.18)
  25OHD (per SD)          1.80 (1.11, 2.92)[\*](#tf5-1){ref-type="table-fn"}     1.60 (0.95, 2.72)               2.08 (1.12, 3.84)[\*](#tf5-1){ref-type="table-fn"}   1.91 (0.91, 4.01)
  1.25(OH)~2~D (per SD)   0.98 (0.50, 1.92)                                      0.62 (0.25, 1.53)               1.69 (0.62, 4.62)                                    1.75 (0.50, 6.06)
  PTH (per SD)            0.76 (0.42, 1.35)                                      0.80 (0.40, 1.60)               0.79 (0.35, 1.81)                                    0.98 (0.40, 2.38)

BMI, body mass index; CI, confidence interval; E, oestradiol; EWGSOP, European Working Group on Sarcopenia in Older People; IGF-1, insulin-like growth factor-1; IWGS, International Working Group on Sarcopenia; OR, odds ratio; PTH, parathyroid hormone; SD, standard deviation; SHBG, sex hormone-binding globulin; T, testosterone; 1.25(OH)~2~D, 1,25-dihydroxyvitamin D; 25OHD, 25-hydroxyvitamin D.

*P* \< 0.05.

*P* \< 0.01.

\*\*\**P* \< 0.001.

Adjusted for age, centre, BMI, smoking, and number of comorbidities.

Discussion
==========

In this prospective study, aLM significantly decreased in European men from age 50 years, while gait speed and grip strength significantly decreased after the seventh decade. The incidence of sarcopenia by the definitions of Baumgartner, IWGS, and EWGSOP was 8.1%, 3.0%, and 1.6%, respectively, over a follow-up of 4.3 years. After adjustment for age, centre, BMI, smoking, and number of comorbidities at baseline, baseline levels of T and vitamin D metabolites were not associated with change in aLM, gait speed, and/or grip strength. A high baseline level of total E~2~ was associated with a greater decrease in aLM, while low baseline IGF-1 correlated with a greater decrease in gait speed in men aged ≥70 years and a greater decrease in aLM in men aged 40--79 years from Leuven. Baseline endocrine variables were not independently associated with an increased risk of incident sarcopenia by any definition.

In men aged 40--79 years, we observed a significant mean annual loss of 0.36% of aLM and 0.15% of gait speed, and a non-significant mean annual gain of 0.06% of grip strength over a 4.3-year follow-up. Men aged 70--79 years lost on average 0.53% of *aLM* per year. Changes in body composition with DXA in elderly men have been reported previously, with, over 2 years, aLM losses from 0.8% to 2.77% in men aged ≥70 years.[@b10],[@b11] In middle-aged men changes in body composition have been less well investigated. We observed a significant decrease in aLM from age 50 years and older, with an annual 0.29% decrease in men aged 50--59 years. This is comparable with a prospective study in 40- to-79-year-old Japanese men, in whom a significant decrease of leg LM (−1.3% over 6 years) was observed in men in their 50s.[@b12] Notwithstanding, in this and our study, the decrease in LM was more marked in the elderly. We are not aware of other studies that have reported longitudinal changes in body composition measured with DXA in middle-aged (and elderly) European men.

*Grip strength* significantly increased up to age 40--49 years and then remained stable. A decline did not start until the seventh decade and the loss only became significant in men aged 70--79 years. In another longitudinal study that examined the change in grip strength in middle-aged and elderly men, grip strength increased up to age 40 years and immediately started to decrease thereafter, although 30% of the subjects aged 40--59 years and 15% of the subjects aged ≥60 years did not lose grip strength.[@b14] Thus, we conclude from this and our study that, after an increase until the age of 40--49 years, grip strength remains stable in at least a part of middle-aged persons before it starts to decrease. At age 70 years, when the annual % decline of grip strength became significant in our study, this loss was higher than that of aLM. Longitudinal changes in muscle strength have indeed been reported to be greater than changes in muscle mass, probably due to concomitant declines in neuromuscular control.[@b11] In the Health ABC study, for example, the annual leg strength decline was three times greater than the rate of decline of leg LM.[@b11] The annual 1.18% decrease in grip strength we observed in men ≥70 years old is smaller than in men with a mean age of 74.9 years from LASA (−13.2%/3 years) and slightly smaller than in men with a mean age of 73.7 years from Health ABC (−5.8%/3 years).[@b20] As in EMAS, participants in Health ABC are well-functioning elderly men, while LASA includes frail elderly, which may account for the greater decline in grip strength.

Similarly to grip strength, *gait speed* started to decrease in men of ≥60 years, and the loss was significant in the oldest age band. Gait speed \< 1 and \< 0.8 m/s has been reported to predict mortality and adverse outcomes, respectively.[@b39] In our study, however, even in the oldest men, mean gait speed at follow-up was ≥1.0 m/s.

*Total*, *free*, *and bioavailable T* were not associated with change in aLM, gait speed, or grip strength. The lack of association between low T and loss of grip strength is in agreement with other prospective studies,[@b17],[@b19]--[@b21] and the failure to show an association between low T and a greater decline in physical performance is consistent with findings in some but not in all cohorts.[@b17],[@b20] In MINOS and MrOS, low levels of T were associated with more loss of muscle mass.[@b17],[@b18] How can we explain the lack of association between T and change in muscle parameters in our cohort? The mean age of our study participants was 60.0 years, while this ranged from 68.0 to 74.9 years in other male cohorts.[@b17],[@b18],[@b20] As mentioned earlier, a significant decrease in gait speed and grip strength occurred after the seventh decade and the greatest decrease in aLM also occurred in men ≥60 years. Moreover, most participants had T levels within the normal range, as the prevalence of hypogonadism, defined by total T \< 8 nmol/L, total T \< 11 nmol/L, or free T \< 220 pmol/L,[@b38] was 1.8%, 10.3%, and 13.2%, respectively (not shown). Thus, the relatively young age, low prevalence of hypogonadism, and the small power for subanalyses in elderly individuals might explain why we did not find an association between T and change in muscle mass, gait speed, or grip strength.

There are few published data about the role of E~2~ in the preservation of muscle mass and function. Androgens might convert into oestrogens through aromatization and activate the oestrogen receptors or oestrogens might have an independent effect. However, T alone and not its aromatization into E~2~ seems responsible for the anabolic effect of T on muscle mass in men since T replacement therapy was equally efficacious when co-administered with an aromatase-inhibitor, which inhibits the conversion into E~2.~[@b40] We found a negative association between *total E~2~* and change in aLM, which persisted after adjustment, meaning that a higher baseline level of E~2~ was associated with a greater decrease in aLM. No other significant associations were observed between total, *free*, *or bioavailable E~2~* and change in gait speed or grip strength. The longitudinal association between E~2~ and change in muscle parameters has been scantily investigated, with only two prospective studies including a follow-up period from 2 to 4.5 years.[@b17],[@b21] In these studies, neither total nor bioavailable E~2~ was associated with change in muscle mass, muscle strength, or physical performance, which is in contrast with our observation of a negative association between E~2~ and change in aLM. Most cross-sectional studies found no or a positive association between E~2~ and muscle mass and/or muscle strength,[@b41] although we are aware of two cross-sectional studies that showed a negative association between E~2~ and muscle strength.[@b42],[@b43] A negative effect of E~2~ on muscle is hard to explain. Factors which have not been adjusted for may account for this association. *SHBG* was not associated with change in muscle mass, strength, or physical performance, which is in agreement with other prospective studies.[@b19] In MrOS, however, higher SHBG was associated with less loss of muscle mass and strength, although not independently of sex hormones.[@b17] Ageing is also associated with a progressive decline of *IGF-1* and a decreased response of cells to IGF-1. We found that in persons ≥70 years, low baseline IGF-1 was positively associated with a higher decrease in gait speed, which is in agreement with cross-sectional studies.[@b44] Since IGF-1 might influence SHBG, this result was adjusted for SBHG, but it remained significant, suggesting an independent effect of IGF-1.

We did not find a significant association between *25OHD* and change in aLM, gait speed, or grip strength. Some studies have however shown an association between low 25OHD and loss of muscle strength[@b22],[@b24] or a decline in physical performance.[@b23] In other studies no association with muscle mass,[@b22],[@b24] muscle strength,[@b25] or physical performance was observed.[@b25],[@b26] A reason why we may not have been able to show these associations is the relatively high mean level of 25OHD in our cohort (30.1 ng/mL). There currently is no consensus about which level of 25OHD defines the threshold for optimal (extra) skeletal health, but since mean 25OHD in our cohort exceeds the levels suggested by the Institute of Medicine (20 mg/dL) and the Endocrine Society Task Force (30 ng/mL),[@b45] this might explain the lack of association between 25OHD and muscle function. However, even in men with 25OHD in the lowest quintile (\<18.7 ng/mL) or \<10 ng/mL, no significant association with muscle parameters was observed. As it is possible that 25OHD not accurately reflects the action of 1,25(OH)~2~D, we also examined the association with *1*,*25*(*OH*)*~2~D* and found no association with change in aLM, gait speed, or grip strength after adjustment for age, centre, BMI, smoking, and number of comorbidities. This is in accordance with some,[@b46] but not all cross-sectional studies,[@b47],[@b48] where positive associations were reported between 1,25(OH)~2~D and muscle mass, strength, or physcial performance. Finally, the effect of *PTH* was investigated as it has been suggested that hyperparathyroidism, secondary to low vitamin D, mediates the effect of 25OHD and may also have a direct negative effect on muscle.[@b22] However, PTH, even the highest quintile, was not associated with changes in aLM, gait speed, or grip strength. Others found that high PTH was associated with a greater decline in muscle mass or grip strength[@b18],[@b22] or with a non-significantly faster decline in grip strength and walking speed.[@b49]

Over a mean follow-up of 4.3 years, 8.1% developed sarcopenia by the definition of Baumgartner. With the more stringent definitions of IWGS and EWGSOP, this number decreased to 3.0% and 1.6%, respectively. Most people did not transition from their original state of aLM, gait speed, and grip strength, and only few people developed sarcopenia, suggesting that 4.3 years may not have been long enough for aLM, gait speed, and/or grip strength to decrease below their respective sarcopenia threshold. However, in a prospective cohort of almost 3000 initially well-functioning elderly aged between 70 and 79 years, only 7% transitioned from pre-sarcopenia to sarcopenia, while no one transitioned from normal to sarcopenia, and this over a 9-year follow-up.[@b50] Hormones were poor predictors of incident sarcopenia, even in men aged 60--79 years. While none of these predicted the risk of RASM ≤ 7.26 kg/m^2^ only, the risk of IWGS sarcopenia, defined as low RASM and low gait speed, was predicted by high baseline SHBG or 25OHD, but not after adjustment. After adjustment for age, centre, BMI, smoking, and number of comorbidities, the risk of EWGSOP sarcopenia, defined as low RASM plus low gait speed and/or low grip strength, was not predicted by baseline levels of T, E~2~, SHBG, IGF-1, 25OHD, 1,25(OH)~2~D, or PTH, though the number of men with sarcopenia was small (*n* = 7).

Our study used standard methods with repeat measurements over 4.3 years. However, some limitations need to be taken into account. Firstly, the follow-up rate was 84.5%. It is possible that those who did not attend for the follow-up survey may have been more (or less) likely to have developed sarcopenia than those who attended, and so some caution is required in interpreting the incidence data. However, any factors influencing non-participation are unlikely to have influenced the associations between baseline hormones and outcome, as these were based on an internal comparison of participants. Secondly, our analysis was based on a baseline assessment of hormones and cannot exclude any effect of change in hormone levels on change in muscle mass, gait speed, or grip strength, for which repeat measurements are required. Finally, due to the young age of our cohort and short time of follow-up, the incidence of sarcopenia was low. This would limit the power to detect true biological associations between hormones and incident sarcopenia.

In conclusion, in middle-aged and elderly European men, aLM significantly decreased from age 50 years, while gait speed and grip strength significantly decreased after the seventh decade. No consistent associations were observed between baseline endocrine variables, especially T and 25OHD, and change in muscle mass, gait speed, or grip strength. In men aged ≥70 years, low baseline IGF-1 was associated with a greater decrease in gait speed. Randomized trials remain necessary to prove definitively whether T, vitamin D, or IGF-1 replacement is useful to promote maintenance of muscle mass and function and prevention of sarcopenia in ageing men.
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